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ABSTRACT 


In the past three years, RNA-guided Cas9 nuclease 
from the microbial clustered regularly interspaced 
short palindromic repeats (CRISPR) adaptive 
immune system has been used to facilitate efficient 
genome editing in many model and non-model 
animals. However, its application in nonhuman 
primates is still at the early stage, though in view of 
the similarities in anatomy, physiology, behavior and 
genetics, closely related nonhuman primates serve 
as optimal models for human biology and disease 
studies. In this review, we summarize the current 
proceedings of gene editing using CRISPR/Cas9 in 
nonhuman primates. 
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INTRODUCTION 


The emergence of recombinant DNA technology in the 1970s 
marked the beginning of a new era for biology. With advances 
in recent years, however, a series of programmable nuclease- 
based genome editing technologies have been developed, 
which enable targeted and efficient modification of the genomes 
of a variety of species. The most rapidly developing genome 
editing technique is the RNA-guided endonucleases known as 
Cas9, originally derived from the microbial adaptive immune 
system CRISPR (clustered regularly interspaced short 
palindromic repeats), which can target virtually any genomic 
location of choice (Brouns et al., 2008; Cong et al., 2013). 
CRISPR nuclease Cas9 is targeted by a short guide RNA, 
which recognizes the target DNA via Watson-Crick base pairing, 
and can generate DNA double-strand breaks (DSB) (Nishimasu 
et al., 2013). Cas9-induced DSBs have been used to introduce 
non-homologous end joining (NHEJ)-mediated insertion- 
deletion (indel) mutations as well as to stimulate homologous 
DNA recombination (HDR) with both double-stranded plasmid 
DNA and single-stranded oligonucleotide donor templates (Ran 
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et al., 2013). 

Compared with mice, nonhuman primates are genetically and 
phenotypically closer to humans, particularly in regards to 
anatomy, physiology, cognition and gene sequences (Zhang et 
al., 2014). They are, therefore, optimal animal models for 
genetic modification in an attempt to understand human biology, 
especially in neurobiology and human evolution. At the same 
time, however, we must address the potential ethical issues 
involved due to the potential off-target effect when using the 
CRISPR/Cas$9 tool for genome editing. 


GENERATION OF GENETICALLY MODIFIED MONKEYS 
VIA CRISPR/CAS9 


In 2001, the first transgenic monkey (rhesus, Macaca mulatta) 
was born in the USA, thus demonstrating the plausibility of 
modifying the primate genome (Chan et al., 2001). Until 2013, 
however, progress in regards to the generation of transgenic 
monkeys was rather slow. Firstly, compared with the widely 
used gene editing tools in model species (e.g., mice), few 
techniques existed for genetically manipulating embryonic stem 
cells or germline cells of monkeys. Furthermore, it was difficult 
to use traditional gene targeting technology to establish primate 
animal models. In 2014, however, thanks to the emergence of 
the Cas9-RNA-mediated gene targeting technique, Chinese 
scientists generated the first gene knockout cynomolgus 
monkey via targeting one-cell embryos using CRISPR/Cas9 
(Niu et al., 2014), opening the door to primate genome 
manipulation. Now, the use of the CRISPR/Cas9 tool to 
generate genetically modified nonhuman primates has greatly 
intensified. 

In rodents, the CRISPR/Cas9 system has achieved highly- 
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efficient directed modification of the genome and regulation of 
gene expression (Perez-Pinera et al., 2013; Sander & Joung, 
2014; Wang et al., 2013; Yang et al., 2013; Yin et al., 2014). In 
monkeys, however, genome targeting efficiency is still low. 
Several gene knockout studies in monkeys have been 
published, but successful gene replacement in monkeys via the 
CRISPR/Cas9 system remains elusive, possibly due to the 
complexity of DNA repair mechanisms in monkeys. In this 
review, we summarize the previous work done and discuss the 
existing problems in current primate genome modification and 
the potential direction for future research. 

Recent research in generating gene knockout monkeys has 
shown considerable progress, with gene knockout efficiency 
becoming similar to that achieved in mice. However, there are 
still limitations in regards to monkey species (Guo & Li, 2015). 
First of all, the genome sequences of published monkey 
species (e.g., rhesus macaque, cynomolgus monkey and 
common marmoset) are still of low quality, thereby hindering the 


Table 1 Reported CRISPR/Cas9 edited genes in monkey embryos 


design of sgRNAs based on genome sequences. For example, 
when using genome sequence data from the NCBI or 
Ensemble databases, -AGG must be selected as the PAM 
sequence, despite the real read being -ATG, which results in 
failed sgRNA. Second, nonhuman primates require much more 
time to reach sexual maturity than that required by mice. For 
example, rhesus macaques need 4-5 years to obtain sexual 
maturity. Hence, it is not plausible to use the breeding strategies 
of mice to generate homozygous genetically modified monkeys. 
To overcome this problem, researchers have tried to improve 
efficiency by increasing the concentrations of Cas9 mRNA and 
sgRNA components when they inject primate embryos. While 
certain increases in the injection concentration can indeed 
improve gene targeting efficiency, high concentrations can also 
produce toxicity, and thus interfere with embryonic development 
(Table 1). In the DMD gene targeting case, the efficiency of 
embryos developing into morulae or blastocysts is only 23.9% 
(Chen et al., 2015). 


Morulae and 








Targeted gene Cas9mRNA: sgRNA (ng/uL) Efficiency in embryos (%) Blastocysts (%) Off-target mutation References 
Nr0b1 26.6 
Ppar-y 20:5 46.7 15/22(68.1) No Niu et al., 2014 
Rag1 60 
20: 5 62.5 8/12(66.7) 
p53 100: 10 100 10/15(66.7) No Wan et al., 2014 
200: 10 100 5/16(31.25) 
DMD 200: 25 46.47 34/142(23.9) No Chen et al., 2015 


The efficiency of gene replacement (or knockin) in primate 
embryos also remains very low. Because primate embryos are 
very expensive, and difficult to obtain in large numbers, we 
need to learn from practice with other animal species. To 
improve the efficiency of gene replacement or gene 
homologous recombination, a growing number of methods 
have been developed. Researchers have tried inhibitors of the 
NHEJ-repair pathway enzyme to inhibit DNA repair in order to, 
in theory, raise the efficiency of homologous recombination 
through the HDR-repair pathway. Recently, Dr. Ploegh’s team 
discovered inhibitor Scr7, which significantly improved 
homologous repair efficiency in mice, exhibiting 19 times 
greater efficiency compared with that of the control group 
(Maruyama et al., 2015). Based on the same strategy, 
researchers have also tested inhibitors that hinder key enzymes 
of the NHEJ-repair pathway, including KU70, KU80 and DNA 
ligase IV, to improve the efficiency of homologous recombination. 
Furthermore, Dr. Rajewsky’s team used shRNA and Ad4s or 
shRNA, Ad4s and Scr7 to improve the efficiency of homologous 
recombination (Chu et al., 2015). In monkeys, we tested inhibitor 
Scr7, and although it inhibited NHEJ repair, we did not observe 
an increase in homologous recombination for improving 
replacement efficiency, implying that different enzymes or 
mechanisms might be involved in embryos of different species. 

It was recently reported that small molecules (e.g., L755507 


and Brefeldin A) can enhance CRISPR-mediated HDR 
efficiency, 3-fold for large fragment insertions and 9-fold for 
point mutations (Yu et al., 2015). As these small molecules are 
generally non-toxic, they may serve as a better choice for gene 
replacement manipulation in monkeys. 

Alternatively, the concentration of the homologous repair 
template can be adjusted to achieve an optimal ratio between 
the repair template and target genomic segment, and therefore 
improve homologous recombination efficiency. A recent study 
found that a higher concentration of ssODN remarkably 
reduced HDR-derived mutations in pig zygotes, suggesting a 
possible balance for optimal HDR-derived mutations in zygotes 
between the excessive accessibility to HDR templates and the 
activities of HDR relative to NHEJ, which are negatively 
correlated to ssODN concentration (Zhou et al., 2016). In the 
previous case, the efficiency of homologous recombination 
achieved 80% following injection of the homologous repair 
template at a low concentration in the pig embryos. Again, 
these data suggest between-species differences for improving 
homologous recombination. 

The CRISPR/Cas9 system consisting of Cas9 nuclease and 
sgRNA is the most commonly used approach in genome editing 
due to its high convenience and robust targeting (Doudna & 
Charpentier, 2014). However, it is still unknown whether sgRNA 
works more efficiently than dual-crRNA: tracrRNA, especially 
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for the production of knockin animals. The highly efficient 
generation of knockin mice carrying a functional gene cassette 
using a cloning-free CRISPR/Cas9 system was achieved by 
combining the Cas9 protein with chemically synthesized dual- 
crRNA: tracrRNA, with conventional mRNA pronuclear injection 
or Cas9 protein injection combined with sgRNA being 
unsuccessful (Aida et al., 2015). Additionally, chemically 
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modified guide RNAs were found to enhance CRISPR/Cas9 
genome editing in human primary cells (Hendel et al., 2015), 
especially 2'-O-methyl 3' phosphorothioate (MS) or 2'-O-methyl 
3' thioPACE (MSP) modified sgRNAs. Besides sgRNA, 
modified ssODNs have demonstrated superior genome editing 
efficacy (Renaud et al., 2016), possibly by protecting ssODNs 
from degradation. 
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Figure 2 Schematic of the TALEN-LITE system (A, B) and photoactivatable Cas9 (paCas9) (C, D) 
LITE: light-inducible transcriptional effectors. 


Researchers have also optimized the structure of Cas9 to 
improve knockin efficiency. Dr. Xue and colleagues from 
Tsinghua University added a “GGSGP” linker and HA tag to the 
C-terminal of Cas9, which had a profound effect on both editing 
efficiency and accuracy (Zhao et al., 2016). They also 
developed a structurally optimized sgRNA, sgRNA“*), in which 
“F” is an A-U base pair flip that can destroy a potential 
polymerase III terminator (UUUU) and “E” is a 5-bp extension of 
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the Cas9-binding hairpin structure that likely improves the 
assembly of the sgRNA/Cas9 complex. Furthermore, they 
showed that using sgRNA“®*® with modified Cas9 led to a 32- 
fold increase in editing efficiency in the Caenorhabditis elegans 
genome. Similar strategies may be used to improve the knockin 
efficiency in monkeys. 

Collectively, the newly developed CRISPR/Cas9 systems 
hold great promise for application in nonhuman primates to 


generate knockin models of human diseases or to modify 
specific genes. 


OFF-TARGET EFFECTS AND MOSAIC MUTATIONS CAUSED 
BY CSRISP/CAS9 


The specificity of CRISPR/Cas9 targeting relies on 20 bp guide 
RNA and PAM. There are many guide RNA-like sequences in 
the genome. Consequently, CRISPR/Cas9 may generate a 
number of nonspecific mutations, leading to off-target effects. 
Although the published data has not reported detectable off- 
target effects in the CRISPR/Cas9 derived gene knockout 
monkeys, this might be due to the limited number of genes 
studied. Human _ tripronuclear zygotes injected with 
CRISPR/Cas9 showed an off-target effect (Liang et al., 2015), 
which could confound the phenotypes of founder animals. 
Hence, many methods have been developed to reduce off- 
target effects (Koo et al., 2015). 

The off-target effect of Cas9 can be reduced to the detection 
limit of deep sequencing by choosing unique target sequences 
in the genome and modifying both guide RNA and Cas9. For 
example, paired Cas9 nickases, composed of D10A Cas9 and 
guide RNA, which generate two single-strand breaks (SSBs) or 
nicks on different DNA strands, are highly specific in human 
cells, thus avoiding off-target mutations without sacrificing 
genome-editing efficiency (Cho et al., 2014). sgRNAs with 5'- 
GG- can greatly reduce the off-target effect. In addition, using 
truncated guide RNAs can also improve CRISPR/Cas9 
specificity (Fu et al., 2014). The off-target effect can be induced 
by the high concentration of Cas9 and sgRNA, suggesting that 
an optimal concentration of Cas9 and sgRNA should be 
considered for reducing off-target effect. 

Another important issue with CRISPR/Cas9 is mosaic 
mutations. The CRISPR/Cas9 system can repeatedly target 
genes at different stages of embryonic development, which 
could lead to mosaicism of the introduced mutation(s). It was 
speculated that mosaicism might result from a prolonged 
expression of Cas9 mRNA. However, direct injection of the 
Cas9 protein rather than Cas9 mRNA into cells can also lead to 
mosaic mutations (Kim et al., 2014; Sung et al., 2014). To 
understand its mechanism, however, rigorous quantification of 
mosaicism from one-cell to multiple-cell embryos is required. 


PACAS9Y: CRISPR/CAS9 MEETS OPTOGENETICS 


Compared with rodents, nonhuman primates have bigger and 
more complex brains, and their neurogenesis is more similar to 
that of humans. For example, during neurogenesis, macaques 
have an outer subventricular zone (OSVZ) like humans, but 
rodents do not have this cell layer in their developing brains 
(Betizeau et al., 2013). Researchers have been hoping to 
manipulate the brains of living nonhuman primates by changing 
the expression of certain genes under controlled spatial and 
temporal conditions in order to observe the brain’s neural 
network connections. The pathogenesis of human brain diseases 
can be clearly revealed via this approach; however, traditional 
technology has thus far been unable to complete this task. 


In 2013, Dr. Zhang and colleagues from the Broad Institute 
combined the TALENs gene targeting technology and 
optogenetics, and developed a new system for manipulating 
living brain gene expression in mice (Konermann et al., 2013). 
Furthermore, they also developed light-inducible transcriptional 
effectors (LITEs), an optogenetic two-hybrid system integrating 
the customizable TALEN DNA-binding domain with the light- 
sensitive cryptochrome 2 protein (CRY2) and its interacting 
partner CIB1 from Arabidopsis thaliana (Kennedy et al., 2010; 
Liu et al., 2008). LITEs do not require additional exogenous 
chemical cofactors, and can be easily customized to target and 
activate many endogenous genomic loci within minutes. This 
process is also reversible and LITEs can also be packaged into 
viral vectors and target specific cell populations. 

Similarly, Dr. Sato and colleagues from the University of 
Tokyo attempted to combine the Cas9 protein with CRY2 to 
modify the genome of living cells or animals; however, they 
found that Cas9 could not work when combined with CRY2. 
They next developed the paCas9 system using pairs of 
photoswitching proteins called Magnets that use electrostatic 
interactions to join proteins when activated by light (Kawano et 
al., 2015; Nihongaki et al., 2015a, b). They first created paCas9 
by splitting the Cas9 protein into two inactive fragments, and 
then coupled each fragment with one Magnet protein of a pair. 
When irradiated with blue light, the Magnets come together so 
that the split Cas9 fragments merge to reconstitute the 
nuclease’s RNA-guided activity. Importantly, this process is 
reversible, and when the light is turned off, the paCas9 
nuclease splits again, and nuclease activity is halted. 

The spatiotemporal and reversible properties of paCas9 are 
well suited for the dissection of causal gene functions in diverse 
biological processes and for medical applications, such as in 
vivo and ex vivo gene therapies. Furthermore, paCas9 also has 
the potential of reducing off-target indel frequencies in Cas9- 
based genome editing. There have been several studies 
showing that transient introduction of a Cas9: sgRNA complex 
prepared in vitro can improve the specificity of genome editing 
(Kim et al., 2014; Ramakrishna et al., 2014; Zuris et al., 2015). 
Because paCas9 can be switched off by stopping light 
irradiation, optically controlling the duration of paCas9 activation 
would contribute to reducing off-target effects. Some scientists 
have also combined dCas9, an epigenetic effector, with paCas9 
to expand the application of this system, making it more useful 
in studies of the brain. 


ETHICAL CONSIDERATIONS IN GENETIC MODIFICATION 
OF NONHUMAN PRIMATES 


The CRISPR/Cas9 technology has gained considerable 
attention recently due to debate among scientists about the 
possibility of genetically modifying the human germ line and the 
ethical implications of doing so (Caplan et al., 2015; Holdren et 
al., 2015; Lanphier et al., 2015). Researchers in China have 
used CRISPR/Cas9 to alter a gene in a human embryo that can 
cause a blood disorder when mutated. The US National 
Institutes of Health (NIH), however, has reaffirmed its ban on 
research that involves genetic editing of human embryos due to 
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their concern about the safety of the technique and the ethical 
implications of altering genes that will be passed to future 
generations. It has been pointed out that there are few clinical 
situations in which gene editing would be the only way to 
prevent the passage of a genetic disease from parent to child. 
Instead, parents with a genetic disease could create embryos in 
vitro and screen them for the presence of the defect gene. 

Similarly, we must consider the potential ethical issues when 
we generate genetically modified nonhuman primates using 
CRISPR/Cas9. The use of animals in research must be justified 
in terms of the value of the research for understanding 
fundamental biological processes and ameliorating devastating 
human diseases. Scientists must consider whether 
experimental alternatives exist and whether the species used 
are appropriate to the specific problem being studied 
(Blakemore et al., 2012; Belmonte et al., 2015). For example, 
the genetic and mechanistic determination of certain human 
neurological and psychiatric diseases might be better 
approximated by nonhuman primate models. 

Bearing these considerations in mind, we see the weight of 
the argument in favor of moving forward on transgenic 
nonhuman primate disease models with due care, responsibility 
and transparency. 


CONCLUSIONS 


Nonhuman primates and humans share many anatomical, 
perceptual, cognitive and behavioral traits. Recent advances in 
CRISPR/Cas9 gene-editing techniques have made it possible 
to create genetically modified nonhuman primates, opening up 
new and exciting ways to gain insight into the primate brain. 
However, many problems remain to be solved. The efficiency of 
homozygous knockout and homologous recombination is still 
low, and off-target effects and mosaic mutations caused by the 
CRISPR/Cas9 system need to be improved. In future studies, 
researchers should attempt to understand the potentially 
primate-specific aspects to optimize the gene targeting system. 
China has rich nonhuman primate resources, which could allow 
for the full use of the latest technological advancements. China 
is positioning itself as a world leader in primate research, with a 
new national monkey facility currently being constructed at the 
Kunming Institute of Zoology, Chinese Academy of Sciences, 
and similar projects being launched in Shanghai, Beijing, 
Guangzhou and Shenzhen (Cyranoski, 2016). 
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